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INTRODUCTION 
Advanced ultrasonic nondestructive evaluation techniques require well 
characterized transducers. This need may arise, for example, because modem, cost-
efficient fabrication procedures necessitate high reliability inspection through non-planar 
surfaces and for which careful control of the beam pattern in needed. An example of this is 
the developing procedure for inspection of titanium billet material for subtle flaws, such as 
hard-alpha inclusions [1]. Large aperture, bicylindrical focusing transducers are being 
developed, and characterization procedures are also being formulated for that activity. 
Methods are required to relate design parameters, such as crystal and lens shape, to the 
ultrasonic fields that will be generated in the billet. Advanced signal processing methods, 
such as characterization of noise due to ultrasonic scattering from grains, require precise 
knowledge of probe characteristics, as well. For example, model-based approaches to 
calculating a grain scattering "figure of merit" [2] require the ability to deconvolve 
transducer effects from measured noise signals. Knowledge of transducer characteristics is 
also essential for the application of ultrasonic measurement models [3,4] to the prediction 
of flaw signal amplitudes as measured through curved component surfaces and in a variety 
of materials. This geometry and material transferrability issue is of great importance in 
new methods applied to designing for inspectability. 
Current ultrasonic immersion transducer (or "search unit") characterization 
techniques, such as ASTM Standard E-I065 [5], specify measurement of the sound field 
properties of planar or focused, immersion probes using, for example, small ball targets. 
(Other transducer properties, such as electrical impedance, relative pulse-echo sensitivity, 
and frequency response, that are discussed in that Standard, will not be addressed in this 
paper.) For planar transducers, the field measurements include determining the aperture 
size, transverse profiles at a number of axial distances from the face of the transducer, on-
axis profiles, and beam spread. The aperture size is defined to be the -6dB beam width 
measured a short distance from the face of the probe, not the actual piezoelectric crystal 
diameter. Similar sound field characteristics are prescribed for focused transducers, with 
the additional measurement of focal length, depth of field, and beam diameter at the focal 
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length. The focal length in this case is defined to be the distance from the transducer face 
at which the maximum on-axis amplitude is obtained. These sets of sound field 
measurements provide quite a comprehensive description of the sound field produced by a 
transducer. However, by their nature they only detail the properties of the sound field, and 
not of the transducer itself. The obvious extension to these sound field evaluation 
techniques is to relate the measured characteristics to transducer properties, such as 
specification of the crystal and lens geometries, through the use of analytical models of 
sound field generation. 
MODEL-BASED TRANSDUCER CHARACTERIZATION TECHNIQUES 
Model based techniques in this paper assume that the transducers behave in an 
essentially ideal manner with effective geometric properties, such as crystal diameter and 
geometric focal length, that are not necessarily the nominal values stamped on the 
transducer case. The effective characteristics are derived by fitting the measured sound 
field parameters, such as those detailed in ASTM Standard E-1 065, to predictions obtained 
from an analytical model. In some cases, the effective characteristics may be obtained by 
fitting the models to limited portions of the sound field. For example, near field behavior 
of the sound field within the water medium of an immersion system is not relevant to the 
problem of flaw detection within the component under inspection, so inaccuracies in model 
predictions in that near field regime are inconsequential. 
The simplest example of a model-based characterization method derives from an 
analytical model of a planar, circular piston probe. For common transducer frequencies and 
diameters, the Fresnel approximation is valid, and the pulse-echo, on-axis pressure, C, can 
be expressed as (see, e.g., Ref. [6] for details) 
(1) 
where 
s 
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In Eq. 2, z is the distance from the probe face to the field point, Ie is the ultrasonic 
wavelength (a single frequency is assumed), a is the transducer radius, and a is ultrasonic 
attenuation in nepers per unit water path length. The right hand side ofEq. 1 exhibits a 
series of peaks and nulls as the distance from the transducer increases. The last null occurs 
at the water path distance where s=0.5, and the last maximum occurs approximately where 
s=l. (That maximum does not occur at s=1, the so-called "near field distance," due to the 
attenuation factor.) A simple method for determining the effective crystal radius is, thus, to 
determine the water path distance of the last on-axis null and use it in Eq. 2 with s set to a 
value of 0.5. A better method, however, is to measure the on-axis pressure at a number of 
different water paths extending well into the far field (s > 1) and to determine the value of a 
in Eq. 2 that provides a best fit of the measured amplitudes to right-hand side ofEq. l. 
Such a fit will require a constant of proportionality, of course. 
For spherically focused, circular piston probes, a relatively simple model for the on-
axis pressure is also available [7], under the Fresnel approximation and assuming a thin 
lens law. This model takes the form of 
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where 
s = 
FZA 
(z- F)a2 • 
(3) 
(4) 
The parameters in Eqs. 3 and 4 have the same meaning as in Eqs. 1 and 2, with the addition 
of the focal length parameter F. This quantity, F, is not a sound field parameter, but is a 
"geometric" focal length in the sense that it is the distance from lens face at which paraxial 
rays from lens face would converge. This is not the "true" focus, or point of maximum on-
axis amplitude, because of the effects of beam spread (diffraction). The true focus is 
always somewhat closer to the probe. (Actually, the quantity F is the initial radius of 
curvature of the phase fronts immediately in front of the lens, and is thus a function of the 
lens and immersion medium materials. Ifwater is assumed as the medium, then F can be 
considered to be a probe characteristic.) A circular, spherically focused piston, thus, has 
two geometric parameters, a and F, to be estimated by fitting measured sound field 
properties to the model. In principle, only two measurements are necessary to fix a and F. 
For example, one could measure the water path of the last on-axis null, at which s = -0.5 in 
Eq. 4, and the "true" focal length. Estimates of a and F could then be obtained by 
successive application of Eq. 3 to maximize the value of C. As in the planar probe case, a 
more reliable method would be to fit Eq. 3 to the on-axis response for range of water path 
distances. 
Simple analytical formulas such as Eqs. 1-4 are not available for off-axis fields of 
circular transducers (except for the far field of planar, circular pistons). Neither are there 
such convenient expressions for non-axisymmetric probes. Fortunately, in many cases 
there are accurate numerical models, amenable to rapid computer solutions, that can be 
used. An example of such a model is the so-called Gaussian-Hermite model [8] which has 
been shown to accurately predict radiation patterns and which has the added benefit of 
allowing prediction of ultrasonic beam propagation through curved liquid/solid interfaces 
at normal and oblique incidence. Another feature of this model is that it is a full-field 
model, not just on-axis. The current software implementation if this model allows 
representation of either elliptical or rectangular (circular and square are special cases) 
crystals and bicylindricallenses (planar probes, and cylindrical or spherical focusing lenses 
are special cases) under a thin lens approximation. Examples of the use of this model for 
evaluating focused immersion transducers using full field, rather than axial field, methods 
have been previously presented [9]. 
Finally, when paraxial approximations are no longer valid, such as would be the 
case with highly focused transducers used in acoustic microscopes, other types of models 
will be required. Discussion and application of such models is beyond the scope of this 
work. However, an example of the application of such model to large aperture transducer 
design is found in Ref. [10] in these proceedings. 
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TYPICAL RESULTS 
Examples are shown here for three immersion transducers obtained from industrial 
sponsors of the Center for NDE; all of the transducers were within typical operational specs 
for their respective application areas. Two were spherically focused, circular probes 
commonly used in aerospace applications; the third was a planar, square crystal transducer 
used in rail inspection. The effective parameters for each of the two focused transducers 
were obtained as follows. Broad band RF waveforms were digitized for a range of water 
path distances between the transducer and a a small (0.125 inch (0.3175 cm) diameter) steel 
ball. Individual frequency components were extracted from the fast Fourier transforms of 
the waveforms. The individual frequency components were then fit to Eqs. 3 and 4 by 
varying the effective radius and geometric focal length. Similar measurements were 
performed for the planar, square transducer. However, the Gaussian-Hermite model, rather 
than Eqs. 1 and 2, was used for model predictions due to the lack of such a simple formula 
for the on-axis fields of a square piston probe. The planar transducer was assumed to be, in 
fact, square, rather than rectangular, so only one parameter was estimated - the length of 
one side of the square. The following figures and tables summarize the results. 
Figure 1 shows a comparison of measured and model predicted on-axis pressures 
for the first of the circular, spherically focused transducers. This was nominally a broad 
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Figure 1. Comparison of the measured on-axis pressure (open circles) of a nominally 5 
MHz, 0.5 inch (1.27 em) diameter, 3.0 inch (7.62 cm) focal length transducer to model 
predictions using the nominal parameters (dashed line) and using estimated parameters 
(solid line). Results for the 5.08 MHz component of the axial profiles are shown. The best 
fit model parameters were of 0.484 inches (1.23 cm) for the probe radius and 3.37 inches 
(8.56 cm) for the geometric focal length. 
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Table 1. Effective radius and geometric focal length estimates for frequencies in the 
bandwidth of a nominal 5 Mhz center frequency, 0.5 inch (1.27 cm) diameter, 3.0 inch 
(7.62 cm) focal length immersion probe. 
Frequency Diameter Geometic Focal Length 
(Mhz) (inches) (inches) 
3.l3 0.478 3.47 
3.91 0.483 3.50 
5.08 0.484 3.37 
5.86 0.487 3.42 
7.03 0.491 3.43 
7.83 0.486 3.48 
band, 5 Mhz, 0.5 inch (1.27 cm) diameter, 3 inch (7.62 cm) focal length transducer. The 
results in the figure represent the 5.08 Mhz Fourier component of the responses. Good 
agreement between the measured sound field and the model predicted response is obtained 
using an estimated radius of 0.484 inches (1.23 cm) and a geometric focal length of 3.37 
inches (8.56 cm). These values are reasonably close to the nominal characteristics for this 
particular transducer. A model prediction of the on-axis fields using the nominal 
parameters is also shown for comparison purposes. It is evident that the model accurately 
predicts the focusing properties ofthe transducer, i.e., its focal length and depth offield. 
For the case shown here, the agreement in the near field, at water path distances around 1.5 
inches (3.81 cm) and less, is not quite as good. As mentioned previously, the model 
defined by Eqs. 3 and 4 applies to a single frequency in the bandwidth of the transducer. 
Table 1 shows the estimated parameter values for a range of frequencies in the bandwidth 
of this particular transducer. The overall variation in effective radius and geometric focal 
length is in the range of 2% or less of the average values. 
A similar set of results are shown in Fig. 2 and Table 2 for a nominally 10 Mhz, 
0.375 inch (0.9525 cm) diameter, 3.0 inch (7.62 cm) focal length transducer. The estimated 
parameters for the 10.16 Mhz component, which is shown in the figure, are 0.373 inches 
(0.947 cm) for the probe radius and 5.23 inches (13.29 cm) for the geometric focal length. 
In contrast to the previous example, there is a significant difference between the nominal 
and best fit geometric focal lengths. In addition, as shown in Table 2, there is a strong 
frequency dependence of the geometric focal length. These observations are consistent 
with previously published results obtained from a similar transducer (same manufacturer 
and nominal characteristics) using a full-field, rather than axial profile, characterization 
procedure [9]. The cause of this frequency dependence is currently unknown, but its 
presence highlights the need for this type of model-based characterization in such cases. 
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Figure 2. Comparison of the measured on-axis pressure (open circles) of a nominally 10 
MHz, 0.375 inch (0.9525 cm) diameter, 3.0 inch (7.62 cm) focal length transducer to model 
predictions using the nominal parameters (dashed line) and using estimated parameters 
(solid line). Results for the 10.16 MHz component of the axial profiles are shown. The 
best fit model parameters were of 0.373 inches (0.947 cm) for the probe radius and 5.23 
inches (13.29 cm) for the geometric focal length. 
Table 2. Effective radius and geometric focal length estimates for frequencies in the 
bandwidth ofa nominal 10 Mhz center frequency, 0.375 inch (0.9525 cm) diameter, 3.0 
inch (7.62 cm) focal length immersion probe. 
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Frequency 
(MHz) 
5.86 
7.03 
7.81 
8.98 
10.16 
10.94 
12.11 
12.89 
Diameter 
(inches) 
0.364 
0.364 
0.369 
0.368 
0.373 
0.375 
0.375 
0.375 
Geometric Focal Length 
(inches) 
8.37 
8.03 
6.57 
5.76 
5.23 
5.06 
5.06 
4.94 
The final example is for characterization of a nominally nominally 2.25 MHz, 0.5 
inch (1.27 cm) square, planar transducer. Figure 3 shows the results of the fitting 
procedure for the 2.34 Mhz component of the banqwidth. The best fit crystal width was 
found to be 0.48 inches (1.22 cm). The far field behavior, for water path distances greater 
than roughly 1 ingh (2.54 cm) is well represented by the best fit model curve, although the 
near field behavior is not quite as good. 
SUMMARY 
A discussion of model based methods for characterizing immersion ultrasonic 
transducers was presented, and results were shown for a variety of focused and planar 
transducers. Model predictions of the measured sound fields were quite good following the 
characterization procedure whereby transducer geometric properties were estimated. 
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Figure 3. Comparison of the measured on-axis pressure (open circles) of a nominally 2.25 
MHz, 0.5 inch (1.27 cm) square, planar transducer to model predictions using the nominal 
parameters (dashed line) and using estimated parameters (solid line). Results for the 2.34 
MHz component of the axial profiles are shown. The best fit crystal width was 0.480 
inches (1.22 cm). 
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